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In this month’s Genome Biology, Langmead and colleagues
[1] present the Bowtie algorithm. Bowtie is designed to align
large numbers of relatively short DNA sequencing reads to
an entire reference genome. It does so by first taking the
reference genome assembly and changing the order of the
sequence using something called the Burrows-Wheeler
Transform. Why is this useful? Speed is the best answer:
Bowtie is more than 30 times faster than other published
tools designed to do the same task. Let’s step back and see
why the need for speed in our analysis algorithms is greater
now than at any time in the genomic age.
Over the past three years massively high-throughput sequen-
cing, often called ‘next-generation’ sequencing, has developed
from a few beta devices in key genome centers to a large
installed base in research labs around the world. The success
of sequencing machines such as Illumina/Solexa, ABI SOLiD
and 454 FLX has facilitated the development of sequencing
as a general-purpose experimental tool for many biological
applications. The range of possible uses is rapidly establish-
ing DNA sequencing as the microscope of modern biology.
The scale of data generation is amazing; for example, in the
course of its pilot phase the 1000 Genomes Project [2] has
already generated almost 2,000-fold total coverage of the
human genome from 180 individual samples, an amount
orders of magnitude larger than the original Human
Genome Project. There is a very real chance that before 2012
the amount of data generated by worldwide DNA sequencing
will exceed the expected 15 petabytes of data per year
produced by CERN’s Large Hadron Collider.
In the light of these spectacular developments in data-
generation capacity, it should come as no surprise that the
computational requirements for supporting large-scale
genome sequencing are growing dramatically. A key ques-
tion is whether bioinformaticians are up to the task.
Fortunately, the sheer number of new algorithms - some,
like Bowtie, are based on data structures and methods either
newly introduced to biology or rediscovered in the light of
challenges posed by next-generation sequence data - suggest
that bioinformatics, if not yet entering a new golden age [3],
is responding to the waves of data by building better
surfboards rather than running for higher ground.
Alignment is one of the first and most fundamental prob-
lems for any sequencing-based project in which a reference
genome assembly already exists for the species concerned.
Today’s resequencing and functional studies (Box 1) directly
leverage the effort required to create high-quality finished
and draft genome assemblies such as those available for the
human and mouse genomes. For next-generation sequen-
cing studies the collected DNA sequencing reads are almost
completely meaningless until they are aligned. Even the
knowledge of whether the experiment succeeded is unknown
until the sequencing reads are aligned to the reference genome.
How do we address this essential step in the analysis and get
as quickly as possible to the point where we can start to
make sense of the biology? Programs such as Bowtie drama-
tically accelerate the alignment step by storing the reference
genome in a highly ordered manner that facilitates very
rapid searching of sequence. The key technology in Bowtie is
called the Burrows-Wheeler Transform (BWT), which was
originally developed for data compression. It works by
reordering the original genome sequence such that certain
patterns within the sequence are made explicit and therefore
simplifies compression of the sequence. Importantly, thehttp://genomebiology.com/2009/10/3/212 Genome B Bi io ol lo og gy y 2009, Volume 10, Issue 3, Article 212 Flicek 212.2
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Box 1. Resequencing and functional studies.
A small sampling of recent work leveraging the developments in DNA sequencing technology.
Resequencing projects
Individual genomes [12-14]
1000 Genomes project [2]
Large-scale resequencing of individual genomes originally done with short read sequencing as a proof of principle. The
1000 Genomes project is being done comprehensively using relatively low sequencing coverage over a large number of
individuals to create a deep catalogue of human genetic variation.
Cancer genome sequencing [15]
Sequencing cancer genomes requires the sequencing of both the tumour genome and a matched normal sample from
the same individual. Finding the potentially small number of differences between theses two samples currently requires
that both genomes be sequenced to high coverage to ensure accurate mutation discovery.
Functional studies
Any experimental technique able to isolate a fraction of the genome involved in a specific biological function is a
potential candidate for DNA sequence analysis.
ChIP-seq [16,17]
ChIP isolates regions of protein-DNA interaction, including transcription factor binding and locations of modified
histones.
Nucleosome mapping [18]
By directly isolating nucleosomes and sequencing the DNA sequence that is wound around each one it is possible to
directly assess chromatin state. For example, regions with consistently placed nucleosomes and apparently stable
chromatin architecture are distinguishable from more dynamic regions.
DNase Seq [19]
Directly measuring DNase I hypersensitive regions is conceptually complementary to techniques for nucleosome
mapping and is an effective genome-wide technique to identify many regulatory regions.
DNA methylation [20-22]
The methylated fraction of the genome can be assessed using a wide variety of methods amenable to DNA sequencing
including MeDIP (methylated DNA immunoprecipitation) and techniques involving bisulphite conversion of
methylated cytosines before sequencing.
Transcriptomics [23,24]
Transcriptome mapping has nearly limitless applications in normal and disease states. Unlike array-based methods,
mapping transcription with direct DNA sequencing makes analysis of alternative splicing and discovery of novel
transcripts relatively easy.BWT reordering is reversible, so we are always able to
reconstruct the original sequence. In fact, those readers who
have ever downloaded compressed files from the Internet
have probably already benefited from the BWT, which is at
the heart of the bzip2 data compression algorithm [4].
Once the BWT has been constructed for the given genome
assembly it is indexed for optimal searching by creating an FM
index, which is, roughly speaking, a compressed suffix array of
the genome sequence. These existing techniques and novel
modifications by Langmead et al. [1] to existing sequencing
matching algorithms allow Bowtie to use the FM index to
rapidly align both exactly matching DNA sequencing reads and
those with mismatches caused by sequencing error or sequence
polymorphism, all while maintaining a memory footprint low
enough to run on many standard laptop computers.
The BWT and the FM index are not complete strangers to
bioinformatics. Several groups have adopted the data
structure to solve specific problems mostly related to com-
paring many short segments of the genome to the genome as
a whole. Before massive resequencing datasets existed, a
common application of this problem was microarray probe
design [5,6]. In this case, one effective way to estimate cross-
hybridization potential for a given array design is to do a
brute-force comparison of all short DNA segments (that is,
possible array probes) to the genome as a whole.
Even when there are hundreds of billions of short sequen-
cing reads the problem of alignment remains relatively easy
compared with the problem of de novo genome assembly
from short sequencing reads (especially for mammalian-
sized genomes). A key difference comes from how easy it is
to distribute the required computational work over the
nodes of the compute clusters that are commonly used for
bioinformatics analysis.
For example, alignment is considered ‘embarrassingly
parallel’, so named because of how easy it is to achieve
parallelization. For the case of read alignment to the
reference genome, the most common way to distribute the
task across a compute cluster is to store the complete
reference genome on each of the nodes of the cluster and
then distribute the collection of reads equally across the
nodes. The read alignments can be merged at the end of the
process. De novo assembly requires that essentially all the
information needed to solve the problem (that is, how
sequencing reads are related to each other) is available to the
assembly program. For short-read datasets and mammalian-
sized genomes, this generally leads to extremely large
memory requirements that grow with the genome size and
number of sequencing reads or to software implementations
based on complex message passing between compute nodes.
To achieve large-scale alignment parallelization one only
needs to be able to store the entire reference genome in
memory available at each compute node. Without the BWT
and the data compression it provides, storing a search-
optimized data structure such as a suffix array for the entire
genome is not feasible on each of the compute nodes found
in today’s clusters (see [5] for a more detailed discussion of
the memory requirements of a mammalian genome suffix
array both before and after a BWT).
Bowtie is not the only alignment program designed for next-
generation sequence data using an index based on the BWT,
but it does appear to be the first reported in the literature.
The creators of SOAP [7] have recently introduced SOAP2 [8]
and the creators of MAQ [9] have produced BWA [10], both
of which provide a significant improvement in speed over the
hash-table-based implementations of SOAP and MAQ.
For applications such as ChIP-seq and for rapid
confirmation that the sequencing experiment performed as
expected, Bowtie is likely to be the most effective solution.
For some other applications, including whole-genome,
paired-end resequencing projects, it may not yet be the right
choice. Although much faster, Bowtie is not as accurate as
MAQ in the case of a real dataset aligned with Bowtie’s
default parameters [1]. Parameter choices can increase
Bowtie’s accuracy, but at the cost of speed. Bowtie is also
currently missing some critical functionality (for example,
the ability to align paired reads). This functionality will
certainly be added soon - either by the Bowtie developers,
who have already implemented preliminary support for pair-
end alignment in the most up-to-date version available on
the Bowtie website [11], or by someone else enabled by
Bowtie’s open-source license.
Bowtie is yet another example of a common story in
bioinformatics. Whereas default alignment programs are
provided by the instrument manufacturers, the wider
scientific community has developed the programs now used
by many, if not most, researchers. This is a testament to the
software-development skills within the research community
and the desire within that community to create tools that are
easy to deploy and use within existing analysis pipelines.
There can be no doubt that open data formats and the ability
to tap into the widest segment of the community in the
search for solutions is the best way forward for DNA
sequence analysis.
For now, sequence-alignment algorithms based on the BWT
allow us to keep pace with the sequencing machines for at
least another year. In today’s fast-moving world of sequence
generation, this is indeed a dramatic development.
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